Summary Malnutrition modifies resistance to infection by impairing a number of physiological processes including hematopoesis and the immune response. In this study, we examined the production of Interleukin-4 (IL-4) and IL-10 in response to lipopolysaccharide (LPS) and also evaluated the cellularity of the blood, bone marrow, and spleen in a mouse model of protein-energy malnutrition. Two-month-old male Swiss mice were subjected to protein-energy malnutrition (PEM) with a low-protein diet (4%) as compared to the control diet (20%). When the experimental group lost approximately 20% of their original body weight, the animals from both groups received 1.25 g of LPS intravenously. The cells in the blood, bone marrow, and spleen were counted, and circulating levels of IL-4 and IL-10 were evaluated in animals stimulated with LPS. Cells from the spleen, bone marrow, and peritoneal cavity of non-inoculated animals were collected for culture to evaluate the production of IL-4 and IL-10 after stimulating these cells with 1.25 g of LPS in vitro. Malnourished animals presented leucopenia and a severe reduction in bone marrow, spleen, and peritoneal cavity cellularity before and after stimulus with LPS. The circulating levels of IL-10 were increased in malnourished animals inoculated with LPS when compared to control animals, although the levels of IL-4 did not differ. In cells cultured with LPS, we observed high levels of IL-10 in the bone marrow cells of malnourished animals. These findings suggest that malnourished mice present a deficient immune response to LPS. These alterations may be partly responsible for the immunodeficiency observed in these malnourished mice.
Protein-energy malnutrition (PEM) is the most frequent type of malnutrition, affecting at least 800 million people worldwide ( 1 ) . It is especially prevalent in children, the elderly, patients suffering from neoplasia or chronic illnesses, or patients who are undergoing chemotherapy ( 2 , 3 ) . PEM affects 50 to 90% of hospitalized patients, hampering the response to clinical treatment and increasing morbidity and mortality ( 4 ) . About 60% of infections that evolve into sepsis are acquired in a nosocomial environment and usually involve Gram negative bacteria in individuals who are inadequately nourished ( 5 -7 ).
Lipopolysaccharide (LPS), a major constituent of the outer membrane of Gram negative bacteria, potently stimulates host immune responses and the secretion of a number of cytokines such as Interleukin-4 (IL-4) and IL-10. Monocytes and macrophages produce IL-10 when they are activated with LPS. There is an initial burst of pro-inflammatory cytokines (TNF-␣ , IL-1, IL-6, and GM-CSF) that is later followed by a rise in IL-10 synthesis ( 8 ) . LPS-stimulated IL-10 production requires the synthesis of both TNF-␣ and IL-1 as well as interactions between monocytes and T cells, which also triggers the synthesis of IL-4 and IL-10 by T cells ( 9 , 10 ) . The type of immune response to various stimuli depends on the relative amounts of IL-12 and IL-4. Monocytederived IL-4 preferentially activates Th2 cells to stimulate B cell-mediated humoral immunity. In humans, a Th cell phenotype in which high levels of IL-10 are produced relative to IFN-␥ or IL-2 appears to favor deactivation of inflammatory responses ( 11 -13 ) .
Thus, this study contributes to a better understanding of the participation of IL-4 and, especially, IL-10 in the immune response in a model of PEM. We evaluated the production of IL-4 and IL-10 in vitro, and the kinetics of IL-4 and IL-10 expression in vivo in adult mice that were subjected to PEM.
MATERIALS AND METHODS

Diets.
The murine diets were prepared in our laboratories. Their diet contained fibres, saline mixtures and balanced vitamin mixtures in the same quantity, although the control purified diet contained 20% protein and the hypoproteic purified diet only 4% ( 14 ) . The protein source used was casein. Except for the protein content, the two diets were identical and isocaloric (Table 1) . Final protein content was confirmed by the standard micro-Kjeldahl method ( 15 ) .
Mice. Male outbred Swiss Webster mice aged 2 to 3 mo and weighing about 25 g were obtained from the Faculty of Pharmaceutical Sciences at the University of São Paulo. They were placed in individual "metabolic cages" and received a control diet throughout an adaptation period of 21 d. After this period of adaptation, the body weight of the mice had been stabilized. They were subsequently divided into two groups (Control and Malnourished) that received either the control or the lowprotein diet and water ad libitum, and were maintained under a regular light/dark cycle of 12 h at 22-25˚C and 55% humidity. Their body weight was monitored every 72 h, and food consumption was monitored every 48 h. Mice were submitted for experimental assays after 14 d of eating their respective diets, at which time the undernourished group attained an approximate 20% loss of their original body weight ( 16 ) . For the collection of different biological samples, the animals were first anesthetized with xylazene chlorohydrate (Rompum ® , Bayer, Leverkusen, Germany, 10 mg/Kg) and ketamide chlorohydrate (Ketamina ® , Cristália, Campinas, Brazil, 100 mg/kg). This study was approved by the Commission for Ethics of Animal Studies of the Faculty of Pharmaceutical Sciences at the University of São Paulo.
Endotoxemia by LPS . Mice from the control and malnourished groups were intravenously inoculated via the caudal vein with 100 L of LPS ( Escherichia coli 055B5, Sigma Chemical Company, St. Louis, MO) at a concentration of 12.5 g/mL diluted in a pyrogen-free aqueous solution of 0.9% NaCl. After the inoculation, we collected serum at different timepoints to evaluate cytokine production as well as bone marrow, spleen, and peritoneal cell numbers. The survival of both groups was evaluated 24 h after stimulus with LPS.
For the animals that did not receive LPS, we collected bone marrow, spleen, and peritoneal cells to evaluate the cytokine production of these cell types after stimulation with 100 L of 12.5 g/mL LPS in vitro.
Total blood, serum, and plasma. The nutritional evaluation was performed by measuring body weight, diet consumption, and concentration of plasmatic protein, albumin, and pre-albumin. All procedures were carried out in aseptic conditions and the reagents and materials used were pyrogen-free.
Mice were anesthetized and whole blood samples were collected in tubes with and without anticoagulant. EDTA was used as the anticoagulant at a final concentration of 1 mg/mL (EDTA, Sigma Chemical Company). The blood samples were obtained by cardiac puncture and collected concomitantly with bone marrow and spleen cells. The hemoglobin concentration and hematocrit were determined by standard methods ( 17 ) . Total cells were quantified using a Neubauer chamber (Herka, Berlin, Germany). Differential leukocyte counts were performed on blood smears stained with May Grunwald-Giemsa solution.
The plasma was separated by centrifugation, and total protein content, albumin, and pre-albumin were determined by standard methods used in medical analysis ( 18 -20 ) . Blood collected without anticoagulant was obtained at different timepoints after inoculation with LPS, and the serum was separated by centrifugation (2,000 rpm for 10 min) at 4˚C and frozen in aliquots at Ϫ 40˚C until used for cytokine determination.
Bone marrow and spleen cells. Bone marrow cells were obtained by flushing the femoral cavity with McCoy's 5A medium (Sigma Chemical Company). The spleen was removed, placed in Petri dishes containing McCoy's 5A medium with EDTA (1 mg/mL), and gently dissociated using needles and tweezers. Total cells were quantified using a Neubauer chamber, and cytocentrifuge smears were stained with the standard May Grunwald-Giemsa solutions.
Peritoneal macrophages (PM ⌽ ) . The peritoneal cavity was washed with 5 mL of sterile McCoy's 5A medium (Sigma Chemical Company), pH 7.4. This cell suspension was then centrifuged for 10 min at 1,000 rpm at 4˚C. After separation, the macrophages were resuspended in 5 mL of McCoy's 5A medium. The cells obtained in this way were placed in plastic tubes and used immediately in the experiments.
Cell cultures (bone marrow, spleen cells, and peritoneal macrophages) . For the cell culture procedure, animals did not receive LPS in vivo. Bone marrow, spleen, and peritoneal macrophages were collected as described previously in the text. Cell viability was evaluated by the Trypan Blue exclusion test (0.1%) and, on average, 98% viability was obtained. The cells were cultured in 24-well, round bottom microtiter culture plates (Corning ® , Massachusetts, USA) with 1 mL of McCoy's 5A medium and 1.25 g of LPS at a final concentration of 1 ϫ 10 6 cells/mL. The cells were then incubated at 37˚C in a humidified atmosphere of 5% CO 2 for 24 h, after which the supernatants were collected for IL-4 and IL-10 determination. The entire procedure was executed in aseptic conditions and all the material used was previously sterilized and pyrogen-free. Statistical analysis. The results were subjected to the parametric T -test ( p Յ 0.05). The cytokine values were not normally distributed and results were therefore subjected to the non-parametric Kruskal-Wallis and Mann & Whitney U tests ( p Յ 0.05). All tests were performed using the computer software Graphpad Prism ® version 4.00.
RESULTS
Protein consumption, body weight, and plasma protein, albumin and pre-albumin concentrations
Mice maintained on the hypoproteic diet consumed less food in comparison to control mice, resulting in reduced protein consumption, body weight loss, and a decrease in plasma protein, albumin and pre-albumin concentrations ( Table 2 ). The control group received an adequate protein diet and the test group received a protein-deficient diet, but the malnourished group had a markedly lower food intake and experienced a 20.2% loss in body weight over a period of 14 d after introduction of the hypoproteic diet.
Survival with LPS
The survival rate of the malnourished animals was significantly lower (81%, p Յ 0.05) compared to the control group (100%) 24 h after the inflammatory stimulus with LPS.
Blood
The malnourished animals presented anemia with a reduction in hemoglobin concentration and total num- ber of erythrocytes (Table 3) and leucocytes, polymorphonuclear cells, lymphocytes, and monocytes. During the first 2 h studied, the differential counts of blood cells indicated a reduction in polymorphonuclear cells, lymphocytes, and monocytes (Table 3) in both groups when compared to animals without LPS, although this difference began to change at the other timepoints studied.
Cellularity of the bone marrow, spleen, and peritoneal exudates
Malnourished animals presented a significant reduction in the number of bone marrow, spleen, and peritoneal exudate cells at all timepoints studied when compared with the control animals ( Table 4) .
IL-4 and IL-10 production in vitro
Cells from malnourished animals demonstrated no differences in IL-4 production in vitro when compared with control animals. The levels of IL-4 in peritoneal cell cultures were not detectable for either group (Table  5 ). The production of IL-10 in bone marrow cells was higher in malnourished animals when compared with control animals (Table 5) .
Systemic production of IL-4 and IL-10
Circulating IL-4 was increased in both mal-and wellnourished groups after LPS. The increase in IL-4 was observed earlier in the well-nourished group compared to the malnourished group, although the pattern of kinetic changes was similar in both groups. The total production of IL-4 over 24 h, indicated by the area under the curve, did not show significant differences in well-nourished animals as compared to malnourished animals (1,708.7 pg·h/mL and 1,402.4 pg·h/mL).
Animals from the malnourished group demonstrated increased production of IL-10. As shown in Fig. 1A , the peak in IL-4 production occurred simultaneously in animals from the control and malnourished groups. The peak in IL-10 production occurred 2 h after stimulation with LPS in animals from the malnourished group, while, in the control group, it occurred 1 h after stimulation. After LPS stimulation, animals from the malnourished group had high levels of IL-10 at 2 h as compared to those from the control group. Analysis of the area under the curve in Fig. 1B demonstrated that the concentration of IL-10 was significantly higher in animals from the malnourished group (3,201.7 pg·h/ mL) compared to animals from the control group (946.5 pg·h/mL). MeanϮSD values of IL-4 and IL-10 production of bone marrow, spleen, and peritoneal exudate cells from control (C) (nϭ6) and malnourished (M) (nϭ6) animals in vitro. These cells were cultured in 24-well plates for 24 h with 1 mL of McCoy's 5A medium and 1.25 g of LPS (Escherichia coli 055B5) at a final concentration of 1ϫ10 6 cells/mL. The supernatants were used for determination of cytokine concentrations. (The number in parentheses denotes the number of animals used at each timepoint studied. * Indicates where there was a significant difference between the control group and the malnourished group (pՅ0.05).
DISCUSSION
Malnutrition is the commonest cause of immunodeficiency worldwide (21). Since energy deficits occur in association with other nutrient deficiencies such as protein, iron or zinc, malnutrition is probably a combined deficiency that diminishes immunocompetence and increases morbidity and mortality (21) (22) (23) . It has now been established that nutritional deficiency is commonly associated with impaired immune responses, particularly with regard to cell-mediated immunity, phagocyte function, the secretory antibody response, antibody affinity, the complement system, and cytokine production (24) (25) (26) . In this study, we evaluated some aspects of the inflammatory response, especially the synthesis of IL-4 and IL-10, which are important for the regulation of immune functions during infectious diseases in a protein energy model after stimulation with LPS.
In our study, animals fed a hypoproteic diet ingested less food, and therefore less protein, and presented leucopenia as well as bone marrow and spleen hypoplasia before and after LPS stimulation compared to animals of the control group. This reduction in the response capacity to an infectious stimulus may be partly due to changes in the extracellular matrix of malnourished animals (27) .
IL-4 and IL-10 are anti-inflammatory cytokines. IL-4 is a cytokine with a wide range of functions, including the capacity to downregulate the expression of several cytokines such as IL-1, TNF-␣, IL-6, and GM-CSF (13, (28) (29) (30) . IL-10 has been shown to potently downregulate LPS-induced production of pro-inflammatory cytokines in vitro (8, 13, 28) by blocking the transcription factor NF-B, which is involved in modulation of the genes encoding IL-1, IL-6, and TNF-␣ (31) . In the present study, we also evaluated the production of IL-4 and IL-10. Our data demonstrated no difference in IL-4 synthesis between the control and malnourished group in vivo and in vitro. With regard to IL-10 production, our data demonstrated that malnourished animals are capable of producing more IL-10 than control animals. Similar results were observed in vitro, but were only significant for bone marrow cell cultures.
IL-10 can act on NF-B in two ways. First, it can suppress the activity of the enzymatic complex IB kinase (IKK) (31) . This complex is composed of two catalytic subunits (IKK␣ and IKK␤) as well as a regulatory subunit (IKK␥) and induces the phosphorylation of Inhibitor-kappa B (IB). Phosphorylation of IB-which is the protein that inactivates the p50/p65 (NF-B) heterodimer-results in its polyubiquitination, which, in turn, leads to its degradation by the 26S proteasome, allowing NF-B to be translocated to the interior of the cell nucleus and activate the transcription of several Bdependent genes such as those encoding pro-inflammatory cytokines (32, 33) . Second, IL-10 can act by inhibiting the binding of NF-B to the promoter region of genes that encode proteins involved in immune and inflammatory processes (31) .
The possible connection between the expression of IL-4 and IL-10 was demonstrated by experiments in CD4 ϩ T cells, which showed that IL-10 production was inhibited by anti-IL-4 monoclonal antibodies (34) . In addition, disruption of the murine IL-4 gene blocks Th2 cytokine responses and diminishes the capacity of these animals to produce IL-10 (35), indicating that IL-4 is necessary for adequate IL-10 production. In our study, we did not show decreased production of IL-4 in the malnourished animals, which could be a mechanism for controlling increased IL-10 production.
Overproduction of IL-10 has often been associated with immunosuppression. This has been illustrated by high levels of circulating IL-10 in septic animals (30, 36) . The presence of detectable anti-inflammatory cytokines in the bloodstream during sepsis is indicative of their overproduction, leading to critical control of the inflammatory response and depression of the immune system (36) . While pro-inflammatory cytokines are a prerequisite for initiating an effective anti-infectious process, they can also exert harmful effects, which may lead to multiple organ dysfunction and death. Furthermore, restricted-energy diets reduce plasma leptin levels while hyperleptinaemia is commonly found in obese individuals, suggesting that this hormone may play a role as a peripheral signal in order to maintain the fuel supply for essential functions (37, 38) . Thus, immunocompetence as well as the delayed cutaneous hypersensitivity response are reduced in starved mice (39) . Administration of leptin to fasted mice reversed the immunosuppressive effects of acute starvation (40) . Thus, it has been postulated that malnutrition may lead to a higher rate of infection and that leptin may promote the recovery of immunocompetence (41) by functioning as the link between nutritional status and immune function. Moreover, leptin appears to have a specific effect on T lymphocyte responses by differentially regulating the proliferation of naive and memory T cells (40) . Specifically, leptin increases Th1 and suppresses Th2 cytokine production (39) . These findings further support a role for leptin in linking nutritional status to cognate cellular immune functions and shed some light on the immune dysfunction observed during starvation.
Our group demonstrated decreased production of pro-inflammatory cytokines such as IL-1, IL-6, and TNF-␣ in a malnourished model. This could be due to decreased expression of CD14 and TLR-4, the receptors for LPS, in the cells of malnourished animals (42) . In the present work, malnourished animals stimulated with LPS presented high mortality and increased synthesis of IL-10 when compared with control animals. This might be an initial adaptation in order to maintain homeostasis in response to LPS stimulation, although this process may lead to depression of the immune system and increased mortality of the affected animals as the balance between pro-and anti-inflammatory cytokines is important for controlling this response.
This study suggests that an excessive response in terms of IL-10 production may be a mechanism to control the inflammatory process in an animal model of malnourishment. However, due to the decreased food consumption of the malnourished group, it cannot be determined whether the changes in IL-10 production were exclusively due to protein deficiency or if they resulted from the general stress response that accompanies a large decrease in food intake. In conclusion, we conclude that proper nutrition is essential for normal cellular immunity.
